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miR-30e reciprocally regulates the differentiation 
of adipocytes and osteoblasts by directly targeting 
low-density lipoprotein receptor-related protein 6 

J Wang 1 ' 5 , X Guan 1 ' 5 , F Guo 1 ' 2 , J Zhou 1 , A Chang 1 ' 2 , B Sun 1 , Y Cai 3 , Z Ma 2 , C Dai 2 , X Li 4 and B Wang*' 1 

Reciprocal relationship usually exists between osteoblastogenesis and adipogenesis, with factors stimulating one of these 
processes at the same time inhibiting the other. In the present study, miR-30e was found to be involved in the reciprocal 
regulation of osteoblast and adipocyte differentiation. Our data indicated that miR-30e was induced in primarily cultured mouse 
bone marrow stromal cell, mesenchymal cell line C3H10T1/2 and preadipocyte 3T3-L1 after adipogenic treatment. Conversely, 
it was reduced in mouse stromal line ST2 and preosteoblast MC3T3-E1 after osteogenic treatment. Enforced expression of 
miR-30e in 3T3-L1 significantly suppressed the growth of the cells and induced the preadipocytes to differentiate into mature 
adipocytes, along with increased expression of adipocyte-specific transcription factors peroxisome proliferator-activated 
receptor-y (PPARy), CCAAT/enhancer binding protein-a (C/EBPa) and C/EBP/f, and the marker gene aP2. In contrast, inhibition of 
the endogenous miR-30e enhanced the cell growth and repressed preadipocytes to differentiate. Conversely, supplementing 
miR-30e activity blocked, whereas knocking down miR-30e enforced the preosteoblast MC3T3-E1 to fully differentiate. 
Furthermore, miR-30e overexpression stimulated adipocyte formation and inhibited osteoblast differentiation from marrow 
stromal cells. Low-density lipoprotein receptor-related protein 6 (LRP6), one of the critical coreceptor for Wnts, was shown to be 
a direct target of miR-30e by using the luciferase assay. Knockdown of LRP6 in 3T3-L1 cells downregulated /f-catenin/T-cell 
factor (TCF) transcriptional activity and dramatically potentiated the differentiation of the cells into mature adipocytes. Taken 
together, the present work suggests that the expression of miR-30e is indispensable for maintaining the balance of adipocytes 
and osteoblasts by targeting the canonical Wnt//?-catenin signaling. 
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Recent emerging evidences confirmed that adipocytes and 
osteoblasts originate from a common mesenchymal precursor 
cell, thus inverse reciprocal relationship exists between 
osteoblastogenesis and adipogenesis, with factors stimulat- 
ing one of these processes at the same time inhibiting the 
other. 12 Osteoblast development is governed by the activa- 
tion of Wnt//?-catenin signaling and the expression of several 
master transcription factors, and among them Runt-related 
transcription factor (Runx2), osterix (Osx) and Dlx5 are of 
great importance. 3-6 In contrast, formation of terminally 
differentiated adipocytes in marrow requires the activity of 
peroxisome proliferator-activated receptor-y (PPARy) and 
members of the CCAAT/enhancer binding protein (C/EBP) 
family. 7-10 PPARy is regarded as an essential transcriptional 
regulator of both adipocyte differentiation and lipid storage 
in mature adipocytes based on the fact that homozygous 
PPARy-deficient embryonic stem cells were unable to 



differentiate into adipocytes and underwent osteoblast forma- 
tion instead in vivo and in vitroV'^ 2 Conversely, enhanced 
expression of PPARy in bone marrow stromal progenitors led to 
increased marrow adiposity and the block of osteoblast 
differentiation, probably because of the suppression of the 
osteoblast-specific transcription factor Runx2. 7 ' 13 

Three members of C/EBP family, those are, C/EBPa, 
C/EBP/? and C/EBPy, are believed to have key metabolic and 
differentiation missions in adipose tissue. 14-17 C/EBPa was 
induced late during adipogenesis, 14 whereas C/EBP/? and 
C/EBP£ were induced early and transiently during adipocyte 
development. 18 

Although it is well documented, as mentioned above, that 
transcription factors and diffusible signals influence adipo- 
cyte/osteoblast development and differentiation, emerging 
evidences suggest that the posttranscriptional regulation of 
gene expression also has a crucial role in the same events. 19-21 
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MicroRNAs (miRNAs) have been found to exert essential 
regulatory functions in adipocyte development. 

miRNAs are short (19-25nt) noncoding RNAs that mainly 
regulate gene expression in a posttranscriptional manner. 
Encoded by eukaryotic nuclear DNA, miRNAs function via base 
pairing with complementary sequences within mRNA molecules, 
usually resulting in gene silencing via translational repression or 
target degradation. 22 Although core components of the miRNA 
pathway are conserved between plants and animals, miRNA 
repertoires in the two kingdoms function in quite different 
manner. Plant miRNAs usually perfectly or near-perfectly pair 
with their messenger RNA targets at either coding regions or 
untranslated regions, and thus induce gene repression through 
degrading their target transcripts. In contrast, animal miRNAs 
typically are only partially complementary to their mRNA targets 
at their 3'-UTR regions. However, the imperfect pairing may 
result in dramatic block of protein translation. 

To date, a regulated expression pattern of particular 
miRNAs was reported throughout adipogenesis, suggesting 
a role for miRNAs in adipocyte commitment and differentia- 
tion. Reduced expression of miR-155, miR-221 and miR-222 
were reported during adipogenic programming of human 
bone marrow-derived stromal cells, suggesting that they 
negatively regulate adipocyte differentiation. Conversely, 
ectopic expression of these miRNAs blocked adipogenesis, 
which was paralleled by the suppression of the master 
regulators PPARy and C/EBPa. 23 In contrast, expression of 
miR-637 significantly increased during adipocyte differentia- 
tion and decreased during osteoblast differentiation. miR-637 
repressed osteogenesis and enhanced adipocyte differentia- 
tion by targeting the transcription factor osterix. 24 miR-210 
was found to be able to promote adipogenesis by targeting the 
transcription factor TCF7I2 in the Wnt//?-catenin signaling 
pathway 25 miR-204 and its homolog miR-21 1 were demon- 
strated to be induced during adipocyte differentiation. 
miR-204/miR-21 1 were able to target Runx2 and changed 
Runx2 protein levels, thus significantly altering differentiation 
fate of mesenchymal progenitor cells 26 

The miR-30 family members include miR-30a, miR-30b, 
miR-30c, miR-30d and miR-30e, and all of them share the 
same seed sequence in their 5' terminuses. The family is 
associated with cell differentiation, cellular senescence and 
apoptosis, and involved in the pathogenesis of tumors and 
other disorders of the nervous, genital, circulatory, alimentary 
and respiratory systems 27-29 Previous studies reported the 
downregulation of miR-30 family members during osteoblast 
differentiation from mouse preosteoblast cell lines. 30 ' 31 
miR-30a, miR-30b, miR-30c and miR-30d were demonstrated 
to be able to negatively regulate BMP-2-induced osteoblast 
differentiation by targeting Smadl. 30 In contrast, miR-30 
family members were upregulated during adipogenic differ- 
entiation of adipose tissue-derived stem cells, and miR-30a 
and miR-30d contributed to adipocyte formation. 32 Our 
present work shows that miR-30e is upregulated following 
adipogenic treatment and downregulated following osteo- 
genic treatment in mouse marrow stromal cells and adipocyte/ 
osteoblast precursor lines. Furthermore, our present work 
provides novel evidences demonstrating that miR-30e is 
capable of promoting adipogenesis and repressing osteo- 
genesis via direct regulation of canonical Wnt pathway. 



Results 

miR-30e family members were differentially regulated 
during adipocyte formation and osteoblast differentiation. 

To identify the miRNA expression signature in the marrow 
stromal cells in response to the osteogenic or adipogenic 
culture medium for 72 h, miRNA profiles of the cells 
were analyzed using TaqMan Rodent MicroRNA Array 
(Applied Biosystems, Foster City, CA, USA). The fold change 
of Ct value >1.8 was regarded as significant difference. In 
total, ~59 miRNAs were found to be differentially expressed 
in osteogenic medium-treated cells compared with control, 
among which 18 were increased and 41 were decreased. In 
contrast, 84 miRNAs were found to be differentially expressed 
following adipogenic treatment compared with control, among 
which 76 were increased and 8 were decreased. Upon further 
analysis, only 14 miRNAs were found to be increased during 
adipocyte differentiation and at the same time decreased 
during osteoblast differentiation (Table 1). These miRNAs 
might conversely regulate osteoblast formation and adipocyte 
differentiation from the bone marrow stromal progenitors. 

The miR-30 family members were all detected during both 
osteoblast and adipocyte differentiation. In brief, miR-30a and 
miR-30b were increased during adipogenesis but remained 
unchanged during osteoblastogenesis. miR-30c, miR-30d 
and miR-30e, however, were increased during adipocyte 
differentiation and at the same time decreased during osteoblast 
differentiation. The expression profiles of the miR-30 family 
members observed in the microarray analysis were validated 
using qPCR (Figures 1a-e). miR-30e was the one with greatest 
changes in either adipocytes or osteoblasts. The qPCR results 
showed that osteogenic and adipogenic treatments led to a 50% 
reduction and a 4.6-fold induction of miR-30e expression, 
respectively (Figures 1a-e). 

To further demonstrate that change of miR-30e during 
adipocyte and osteoblast differentiation is not an accidental 
finding, we tested the expression of miR-30e in the mesen- 
chymal cell line C3H10T1/2 and the preadipocyte 3T3-L1 at 
48 h after treatment with adipogenic medium or in stromal ST2 
cells after treatment with osteogenic medium. Both C3H10T1/2 
and 3T3-L1 lines expressed increased levels of miR-30e 
when induced with adipocyte-inducing medium (AIM) to 
differentiate, with a 1.9-fold increase in 3T3-L1 and a 
5.1-fold increase in C3H10T1/2, respectively (Figures 1f and g). 
In contrast, miR-30e expression was significantly reduced in 
ST2 cells after treatment with osteogenic medium at all time 
points examined, with the greatest decrease of 64% at 72 h 
(Figure 1h). Similarly, miR-30e expression was reduced 
in MC3T3-E1 cells at 24 and 48 h following osteogenic 
treatment as well (Figure 1i). We postulated that miR-30e 
might play a role in the processes of adipocyte and osteoblast 
differentiation. 

Supplementing miR-30e activity suppressed cell 
proliferation in adipocyte progenitors and favored 
adipocyte differentiation. To study the effect of miR-30e 
on the differentiation of adipocytes, we first examined its 
effect on cell proliferation. Synthetic miR-30e mimics, or 
miR-30e inhibitor, along with their respective negative control 
(NC) were transiently transfected into 3T3-L1, and cell 
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Table 1 Differentially expressed miRNAs in mouse marrow stromal cells following adipogenic and osteogenic treatment* 



Differentially expressed miRNAs Fold of vehicle Differentially expressed miRNAs Fold of vehicle 

following AIM treatment following OIM treatment 



76 miRNAs overexpressed 41 miRNAs underexpressed 
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Table 1 (Continued) 



Differentially expressed miRNAs Fold of vehicle Differentially expressed miRNAs Fold of vehicle 

following AIM treatment following OIM treatment 
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Indicates the miRNAs that are increased following AIM treatment and decreased following OIM treatment. *AII the values correspond to fold change of Ct > 1 .8 
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1.55E-15 1 1 ™ 1 ™ 1 ™ 0' ' ™ ' ™ 1 ™ 

ST2 24 h 48 h 72 h MC3T3-E1 24 h 48 h 72 h 



Figure 1 miR-30e was induced during adipocyte formation and reduced during osteoblast differentiation. Real-time PCR showed that AIM treatment of marrow stromal 
cells for 72 h induced all miR-30 family members, whereas OIM reduced miR-30c, miR-30d and miR-30e levels and did not affect miR-30a and miR-30b (a-e). miR-30e was 
also induced in 3T3-L1 (f) and C3H10T1/2 (g) at 48 h after treatment with AIM. In contrast, miR-30e was reduced in a time-dependent manner in ST2 (h) and MC3T3-E1 (i) 
after treatment with OIM. Values represent the mean ± S.D. of three experiments. ^Significant versus Vehicle, P<0.05 



growth was assayed. As shown in Figure 2a, miR-30e 
mimics inhibited cell proliferation in 3T3-L1 by 13% and, 
conversely, miR-30e inhibitor promoted cell growth by 14% 
as compared with NC (Figure 2b). 

In the presence of adipogenic medium, the exposure to the 
miR-30e mimics resulted in a significant increase of differ- 
entiated adipocyte numbers (68% increase in Oil Red O 
staining) (Figures 2c and d). This was further confirmed by the 



induction of the adipocyte-specific transcription factors and 
marker genes. The mRNA levels of PPARy, C/EBPa, C/EBP^ 
and aP2 were all elevated after transfection of miRNA mimics 
in a time-dependent manner (Figures 2e-h). Consistent with 
this, the western blotting showed that the protein levels of 
PPARy, C/EBPa and aP2 were increased after adipogenic 
treatment in the cells transfected with miR-30e mimics 
(Figure 2i). 
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Figure 2 Supplementing miR-30e activity suppressed 3T3-L1 proliferation and favored adipocyte differentiation. miR-30e mimic transfection inhibited, whereas miR-30e 
inhibitor promoted cell growth (a and b). miR-30e mimics induced adipocyte formation in the presence of AIM. Oil Red 0 extracted with isopropanol was measured at OD510 
(c and d). The mRNA levels of PPARy, C/EBPa, C/EBP/? and aP2 (e-h) and protein levels of PPARy, C/EBPa and aP2 (i) were induced after transfection of mi-30e mimics. 
Values represent the mean ± S.D. of three experiments. 'Significant versus control, P<0.05 



Furthermore, we made the lentivirus that overexpresses 
miR-30e precursor and infected the 3T3-L1 cells with the 
virus. The examination of the mature miR-30e by real-time 
PCR demonstrated the efficacy of the expression (10-fold 
increase) (Figure 3a). At 48 h after infection, the 3T3-L1 cells 
were subjected to adipogenic treatment for 4 days. As shown 
in Figures 3b-d, the miR-30e expressing virus promoted 
adipocyte formation and increased the mRNA levels of PPARy, 
C/EBPa, C/EBP/? and aP2 at 48 h after adipogenic treatment as 
compared with the NC virus. Moreover, miR-30e expressing 
lentivirus also increased the protein levels of PPARy, C/EBPa 
and aP2 at 72 h after adipogenic treatment (Figure 3e). 

Inhibition of miR-30e reduced adipocyte differentiation. 

We also examined the effects of synthetic inhibitor of 
miR-30e on adipogenesis from preadipocyte 3T3-L1. The 
adipocyte formation was significantly blocked by the miR-30e 
inhibitor, evidenced by the reduced numbers of Oil Red 



O-positive adipocytes (Figures 4a and b). Consistent 
with this, PPARy, C/EBPa, C/EBP^ and aP2 were all 
downregulated after inactivation of miR-30e by the inhibitor 
in a time-dependent manner (Figures 4c-f). Furthermore, 
western blotting showed that the miR-30e inhibitor 
decreased the protein levels of PPARy, C/EBPa and aP2 
after adipogenic treatment (Figure 4g). 

Perturbation of miR-30e in preosteoblasts altered 
osteoblast differentiation. To further verify whether miR-30e 
could regulate osteoblast differentiation, we altered the 
expression of miR-30e in preosteoblast MC3T3-E1 by 
transfecting the miR-30e mimics or inhibitor into the cells. 
In the presence of osteogenic medium, miR-30e mimic 
transfection blocked osteoblast differentiation in MC3T3-E1 
cells, as evidenced by the attenuated alkaline phosphatase 
(ALP) staining in comparison with the NC transfection 
(Figure 5a). Consistently, the mRNA levels of Runx2, osterix, 
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Figure 3 miR-30e expressing lentivirus promoted 3T3-L1 to fully differentiate. The miR-30e-expressing lentivirus increased mature miR-30e in 3T3-L1 (a). In the presence 
of AIM, miR-30e-expressing lentivirus induced adipocyte formation (b and c). The mRNA levels of PPARy, C/EBPa, C/EBP/? and aP2 (d) and protein levels of PPARy, 
C/EBPa and aP2 (e) were induced after infection of miR-30e virus. Values represent the mean ± S.D. of three experiments. ^Significant versus control, P<0.05 
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Figure 4 Inactivation of miR-30e reduced 3T3-L1 differentiation. The miR-30e inhibitor transfection blocked the adipocyte formation (a and b). Transfection of miR-30e 
inhibitor decreased the mRNA expression levels of PPARy, C/EBPa, C/EBP/? and aP2 at all the indicated time points (c-f), and reduced protein levels of PPARy, C/EBPa and 
aP2 at 72 h (g). Values represent the mean ± S.D. of three experiments. *Significant versus control, P<0.05 



osteocalcin, ALP and bone sialoprotein (BSP) were all levels of Runx2, osterix and ALP were decreased in the cells 
significantly reduced by the miR-30e mimics at 48 h after transfected with miR-30e mimics at 72 h after osteogenic 
osteogenic treatment (Figure 5b). Furthermore, the protein treatment (Figure 5c). 
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Figure 5 Perturbation of miR-30e in MC3T3-E1 altered osteoblast differentiation. The miR-30e mimic transfection blunted ALP staining (a), decreased mRNA levels of 
Runx2, osterix, osteocalcin, ALP and BSP (b) and reduced protein levels of Runx2, osterix and ALP (c). In contrast, miR-30e inhibitor transfection enhanced ALP staining (d), 
induced mRNA levels of Runx2, osterix, osteocalcin, ALP and BSP (e) and increased protein levels of Runx2, osterix and ALP (f). Values represent the mean ± S.D. of three 
experiments. ^Significant versus control, P<0.05 
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In contrast, the osteoblast differentiation of MC3T3-E1 was 
potentiated following transfection of the miR-30e inhibitor, as 
evidenced by the enhanced ALP staining (Figure 5d), the 
increased mRNA levels of Runx2, osterix, osteocalcin, ALP 
and BSP (at 48 h; Figure 5e) and elevated protein levels of 
Runx2, osterix and ALP (at 72 h) in the cells transfected with 
the miR-30e inhibitor (Figure 5f). 

miR-30e overexpression stimulated adipocyte formation 
and inhibited osteoblast differentiation from mouse 
marrow stromal cells. To further demonstrate the adipo- 
genic and osteogenic effects of miR-30e, we infected the 
primarily cultured mouse marrow stromal cells with the 
miR-30e-expressing virus. Real-time PCR revealed 7.6-fold 
increase of miR-30e level following infection with the 
miR-30e virus (Figure 6a). At 48 h after infection, the cells 
were subjected to adipogenic or osteogenic treatment. 
A 4-day adipogenic treatment led to significant increase of 



adipocyte formation (Figures 6b and c). The mRNA levels of 
PPARy, C/EBPa, C/EBP^ and aP2 were significantly induced 
48 h after adipogenic treatment in the cells overexpressing 
miR-30e (Figure 6d). Accordingly, the protein levels 
of PPARy, C/EBPa and aP2 were increased 72 h after 
adipogenic treatment (Figure 6e). 

In contrast, miR-30e overexpression negatively affected 
osteoblast differentiation, evidenced by the blunted ALP 
staining (Figure 6f). Furthermore, mRNA levels of Runx2, 
osterix, osteocalcin, ALP and BSP were reduced 48 h after 
osteogenic treatment (Figure 6g) in the cells infected with the 
miR-30e virus versus NC virus. Accordingly, the protein levels 
of Runx2, osterix and ALP were decreased 72 h after 
osteogenic treatment (Figure 6h). 

LRP6 was a direct target of miR-30e. As is well known, 
miRNAs exert function through suppressing the expression 
of their target genes. To clarify the molecular mechanisms 
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Figure 6 miR-30e overexpression stimulated adipocyte formation and blocked osteoblast differentiation from marrow stromal cells. The miR-30e-expressing lentivirus 
increased mature miR-30e in primarily cultured mouse marrow stromal cells (a). In the presence of AIM, miR-30e-expressing lentivirus promoted adipocyte formation (b and c), 
increased mRNA levels of PPARy, C/EBPa, C/EBP/? and aP2 (d) and induced protein levels of PPARy, C/EBPa and aP2 (e). In the presence of OIM, miR-30e overexpression 
blunted ALP staining (f), decreased mRNA levels of Runx2, osterix, osteocalcin, ALP and BSP (g) and reduced protein levels of Runx2, osterix and ALP (h). Values represent 
the mean ± S.D. of three experiments. 'Significant versus control, P<0.05 



underlying the regulation of adipogenesis and osteo- 
genesis by miR-30e, bioinformatic prediction of miRNA 
targets was performed with TargetScan (http://www. 
targetscan.org/) and PicTar (http://pictar.mdc-berlin.de/). 
Although hundreds of different targets were predicted by 
the program, only a few targets are potentially associated 
with adipocyte and osteoblast differentiation. These include 
Runx2, Wnt7b and low-density lipoprotein receptor-related 
protein 6 (LRP6), the latter two of which are components of 
canonical Wnt signaling. The expressions of these three 



genes were detected at the undifferentiated state (data not 
shown). 

In order to test whether the three genes are really targeted 
by miR-30e, the S'-UTR fragments of the mRNAs containing 
the target sequences were PCR-amplified and cloned into the 
luciferase reporter vector, respectively (Figure 7a). The 
3'-UTR constructs were then cotransfected into 293-AD cells 
along with miR-30e miRNA expression plasmid or a NC 
plasmid. Luciferase assay revealed that the miR-30e miRNA 
slightly decreased the luciferase activity of Runx2 3'-UTR 
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Figure 7 miR-30e directly targeted LRP6. The S'-UTR fragments of Runx2, Wnt7b and LRP6 were PCR-amplified and cloned (a). The miR-30e miRNA overexpression in 
AD-293 slightly decreased the luciferase activity of Runx2 construct (b), whereas it had no impact on Wnt7b construct (c). The luciferase activity of LRP6 construct was 
dramatically decreased following miR-30e overexpression (d). Deletion of the miR-30e-binding sequence from the LRP6 S'-UTR construct increased the luciferase activity (e). 
Furthermore, miR-30e mimic transfection induced, and miR-30e inhibitor transfection reduced, LRP6 and /?-catenin protein in 3T3-L1 cells (f and g). Values represent the 
mean ± S.D. of three experiments. ^Significant versus control, P<0.05 



construct by 26% (Figure 7b), whereas it had no impact on 
the 3'-UTR construct of Wnt7b (Figure 7c). In contrast, the 
luciferase activity of LRP6 3'-UTR construct was the one that 
decreased most significantly (by 50%; Figure 7d). These 
results suggested that Runx2 and LRP6, especially the latter, 
are likely the targets of miR-30e. Deletion mutation of the 
target sequence was thus made within the LRP6 3'-UTR 
construct. The luciferase activity of the mutant construct 
was significantly higher than that of the WT construct after 
cotransfection with the miR-30e expression plasmid 
(Figure 7e). Furthermore, enhanced expression of miR-30e 
in 3T3-L1 cells led to a decrease in LRP6 and /?-catenin 
protein in 3T3-L1 cells (Figure 7f). In contrast, suppression of 
endogenous miR-30e increased LRP6 and /?-catenin protein 
levels (Figure 7g). 

LRP6 negatively regulated adipogenesis. The data we 
have shown above suggested that LRP6 is a direct target of 
miR-30e. To further demonstrate that LRP6 controls adipo- 
genesis, we carried out LRP6 loss-of-function studies using 



3T3-L1 cells. The infection of the adenovirus that expresses 
the LRP6 RNAi sequences efficiently downregulated the 
endogenous LRP6 mRNA by 78% (Figure 8a). Western 
blotting showed that knockdown of LRP6 led to a striking 
decrease in /?-catenin protein (Figure 8b). Moreover, 
Topflash assay revealed a dramatic decrease of luciferase 
activity following knockdown of LRP6 in 3T3-L1 cells 
(Figure 8c). These demonstrated that altered LRP6 expres- 
sion may change bioactivity of the /?-catenin/T-cell factor 
(TCF) signaling. Furthermore, in the presence of AIM, the 
knockdown lentivirus potentiated adipocyte differentiation, 
evidenced by the increased number of Oil Red O-positive 
adipocytes (Figures 8d and e). The mRNA expression levels 
of PPARy, C/EBPa, C/EBP^ and aP2 and protein levels of 
PPARy, C/EBPa and aP2 were enhanced (Figures 8f and g). 
These results demonstrated that LRP6 restrains adipo- 
genesis and suggested that the appropriate level of LRP6 
expression is critical for maintaining the balance of 
adipocyte and osteoblast formation from their common 
progenitor cells. 
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Figure 8 LRP6 negatively regulated adipogenesis. The infection of the LRP6 RNAi adenovirus downregulated the endogenous LRP6 mRNA (a) and decreased /?-catenin 
protein in 3T3-L1 cells (b). The luciferase activity of the /?-catenin/TCF reporter was reduced following knockdown of LRP6 in 3T3-L1 cells (c). In the presence of AIM, the 
knockdown of LRP6 increased adipocyte formation (d and e), induced the mRNA levels of PPARy, C/EBPa, C/EBP/? and aP2 at 48 h (f) and the protein levels of PPARy, 
C/EBPa and aP2 at 72 h (g). The Values represent the mean ± S.D. of three experiments. 'Significant versus control, P<0.05 



Discussion 

In the case of microarray screening, previous studies usually 
examined miRNA profilings after osteogenic treatment alone 
or adipogenic stimulation alone. However, it is well documented 
that adipogenic factors at the same time usually block 
osteoblast differentiation, and vice versa. The miRNAs that 
play a role in adipogenesis or osteogenesis might follow this 
regular pattern as well. Thus, we carried out adipogenic 
treatment and osteogenic stimulation together in our micro- 
array analysis. The result showed that 14 miRNAs were 
upregulated during adipogenesis and at the same time 
downregulated during osteogenesis, and miR-30e was 
among the most significantly changed. These data suggest 
that the expression of miR-30e might act as a switch 
to balance the differentiation between osteoblasts and 
adipocytes. 

Although the mature miRNA sequences of all the members 
of miR-30 family share a common 8-mer conserved seed 
sequence, the flanking sequences of the members are 
substantially different from each other. They are expressed 



by genes localized in different chromosomes, and thus are 
often differentially expressed and regulated during biological 
processes. Li et a/. 33 reported that the expression levels of 
miR-30b and miR-30c were significantly induced whereas the 
levels of miR-30a, miR-30d and miR-30e were not altered 
after y-radiation in CD34+ cells. In the present study, the 
microarray and qPCR validation data also revealed a 
differentially regulated expression pattern with the miR-30 
family members. miR-30c, miR-30d and miR-30e were 
increased during adipocyte differentiation and decreased 
during osteoblast differentiation. However, miR-30a and miR- 
30b were increased during adipogenesis but remained 
unchanged during osteoblastogenesis. 

Our study for the first time demonstrated that miR-30e could 
alleviate cell growth of 3T3-L1 cells. In addition, we also found 
that the expression of miR-30e was increased during 
adipogenesis, whereas it was decreased during osteoblast 
differentiation. To delineate the precise role of miR-30e in 
differentiation, we tested the effect of miR-30e on adipocyte 
differentiation and osteoblast formation. Our results showed 
that both synthetic miR-30e mimics and lentivirally expressed 
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miR-30e enhanced the formation of adipocytes. Conversely, 
knockdown of miR-30e blocked differentiation of adipo- 
cytes. Concomitantly, supplementing miR-30e mimics to 
preosteoblasts blocked osteoblast differentiation, whereas 
knockdown of miR-30e expression by synthetic inhibitor 
promoted osteoblast differentiation. Furthermore, miR- 
30e-expressing lentivirus enforced adipocyte formation and 
mitigated osteoblast differentiation from marrow stromal 
cells. These findings provided evidences that miR-30e 
maintains the differentiation balance between adipocytes 
and osteoblasts. 

The miRNAs orchestrate osteoblast/adipocyte differentia- 
tion through their regulation of diverse signaling molecules 
and pathways that include bone morphogenetic protein 
2 (BMP2)/Smad, Wnt/^-catenin and Runx2 signaling path- 
ways. 26 ' 30 ' 34-40 To date, only a small number of predicted 
targets have been experimentally validated, and hence further 
investigation is needed to clarify how these miRNAs function. 
In an attempt to elucidate the regulatory machinery underlying 
the modulation of adipocyte/osteoblast differentiation by 
miR-30e, we analyzed the potential targets under the 
assistance of TargetScan and PicTar. Three targets were 
predicted that include Runx2, Wnt7b and LRP6. Runx2 was 
previously confirmed to be posttranscriptionally regulated by 
miR-204/211 during osteoblast/adipocyte formation. 26 In our 
study Runx2 3'-UTR construct showed a slightly reduced 
luciferase activity upon overexpression of miR-30e, suggesting 
that there might be other genes mediating the effects of 
adipogenesis promoted by miR-30e. In paralleled experiments 
using 3'-UTR constructs we demonstrated that LRP6 rather 
than Wnt7b was more potently inhibited by miR-30e, and 
therefore is a direct target of miR-30e. We assumed that 
LRP6 may probably govern adipogenesis and osteoblast 
formation. 

LRP6, as well as LRP5, another coreceptor for Wnts, is 
a single-pass transmembrane protein belonging to the low- 
density lipoprotein receptor (LDLR)-related protein family. 
Along with Frizzled, another serpentine transmembrane 
protein, LRP5/6 binds to the Wnt signal and transmits the 
Wnt signal. When the Wnt signal is off, the APC-GSK3^-Axin 
complex degrades /?-catenin by proteosome-mediated degra- 
dation. In the presence of Wnt ligands, a trimeric complex 
comprising Wnt, Frizzled and LRP5/6 initiates the Wnt 
signaling and prevents the degradation of cytoplasmic 
/?-catenin. /?-Catenin then translocates to nucleus and 
interacts with TCF/LEF to form a functional transcription 
factor and regulates the expression of Wnt target genes. 

The human Wnt coreceptors LRP5 and LRP6 share 70% 
amino acid identity and exhibit a highly conserved domain 
structure. Both LRP5 and LRP6 are critical for bone formation. 
Humans and mice lacking LRP5 have low BMD. One allele 
deletion of LRP6 further decreased BMD in mice lacking 
LRP5. 41 In humans, LRP6 has been shown to be involved in 
features of metabolic syndrome and osteoporosis, although 
the underlying mechanisms remain to be clarified 42 Given 
the fact that osteoblasts and adipocytes share common 
mesenchymal progenitor cells and canonical Wnt signaling 
balances the reciprocal relationship between osteoblasto- 
genesis and adipogenesis, we assume that LRP6 is likely to 
be implicated in adipogenesis. 



It is noteworthy that LRP6 mRNA remains relatively stable 
during adipocyte differentiation upon stimulation with the AIM 
(data not shown). However, the LRP6 3'-UTR construct 
harboring a conserved binding sequence for miR-30e was the 
most significantly altered among the three potential target 
genes upon ectopic expression of miR-30e in 293-AD cells. 
Removal of the putative binding sequence from the LRP6 
3'-UTR construct abolished the inhibition of the luciferase 
activity by miR-30e overexpression. In contrast, miR-30e only 
slightly decreased the luciferase activity of Runx2 3'-UTR 
construct and had no effect on Wnt7b. Further functional 
investigations demonstrated that loss of function enforced the 
preadipocyte differentiation to mature adipocyte. Moreover, 
LRP6 knockdown attenuated /?-catenin level and /?-catenin/ 
TCF reporter activity in 3T3-L1 cells, suggesting that 
regulation of adipogenesis is through /?-catenin/TCF signal- 
ing. These data provide evidences that LRP6 may be required 
for cell-fate decision of osteoblast/adipocyte progenitor cells. 

Taken together, our study demonstrated that miR-30e 
reciprocally regulates adipocyte and osteoblast differentiation 
by directly targeting the canonical Wnt/LRP6//?-catenin/TCF 
signaling. It also suggests that miR-30e could be a therapeutic 
target for osteoporosis because of its capacity to maintain the 
balance between adipogenesis and osteogenesis. 

Materials and Methods 

MicroRNA array analysis. Bone marrow cells were isolated from femurs 
and tibias of 4-week-old C57 mice as described previously 43 and cultured with 
a-MEM supplemented with 10% FBS in a 10-cm dish. When cells reached ~80% 
confluence, they were trypsinized and plated into 25 cm 2 flasks at the density of 
3 x 10 5 cells/ml in a-MEM containing 10% FBS. When the cells reached 80% 
confluence, osteoblast-inducing medium (OIM, a-MEM containing 10% FBS, 
50 /zg/ml ascorbic acid and 5 mmol/l ^-glycerophosphate) was supplemented for 3 
days to induce osteoblast differentiation. For adipocyte differentiation, the cells 
were cultured in AIM (a-MEM containing 10% FBS, 0.5 (M dexamethasone, 
0.25 mM methylisobutylxanthine, 5^g/ml of insulin, and 50 ^M indomethacin) for 
3 days. Total RNA was extracted from the cells by using the Ambion mirVana 
miRNA Isolation Kit (Ambion, Austin, TX, USA). The expression profiles of 
miRNAs were analyzed using TaqMan Array Rodent MicroRNA A + B Cards Set 
v3.0. The miRNAs were amplified after specific reverse transcription and 
preamplification using Megaplex Assay Performance (Megaplex RT Primer Pools 
and Megaplex PreAmp pools, both from Applied Biosystems, Foster City, CA, 
USA), and normalized against RNU6B (U6 snRNA, an endogenous control assay 
designed in both cards). Relative expression was determined using the AACt 
method and a >32 Ct value was interpreted as amplification too low to quantify. 

Quantitative RT-PCR. To confirm the reproducibility of miRNA expression 
profiles examined by miRNA array analysis, we measured their expression 
levels by RT-PCR using a miRNA reverse transcription kit and qPCR detection 
kit (Genecopoeia, Germantown, MD, USA). Briefly, RNA was extracted 
using miRNeasy columns (Qiagen, Valencia, CA, USA). RNA (1 ^g) was first 
polyadenylated by poly(A) polymerase and then reverse-transcribed into cDNA 
using oligo-dT primer with a universal tag. Subsequently, miRNAs were PCR- 
amplified on a real-time PCR system using specific mature miRNA sequences 
(ordered from Genecopoeia) as forward primers and a universal reverse primer 
provided in the kit. The expression levels were normalized to U6, and measured by 
the comparative Ct (AACt) method. The qRT-PCR consisted of 40 cycles (95°C 
for 10 s, 60°C for 10 s and 72°C for 10 s) after an initial denaturation step (95°C 
for 2min). 

For mRNA expression analysis, total cellular RNA was prepared by a RNA 
isolation kit (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer's 
protocol. Total RNA (1 fig) was used to synthesize cDNA using a first-strand cDNA 
Synthesis Kit (Thermo Scientific, Rockford, IL, USA). Real-time PCR amplifications 
were performed using gene specific primers and SYBR green real-time PCR 
kit (Thermo Scientific). The primers used were: PPARy, Fw: 5'-CTTGACA 
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GGAAAGACAACGG-3'; Rev: 5'-GCTTCTACGGATCGAAACTG-3'; C/EBPoe, Fw: 
5'-CTGATTCTTGCCAAACTG AG-3' ; Rev: 5 / -GAGGAAGCTAAGACCCACTAC-3 / ; 
C/EBP^, Fw: S'-TCACTTAAAGATGTTCCTGC-S'; Rev: 5'-TGTCTTCACTTTAAT 
GCTCG-3'; aP2, Fw: S'-AAATCACCGCAGACGACAGG-S'; Rev: 5'-GGCTCAT 
GCCCTTTCATAAAC-3' ; Osx, Fw: ^-TCTCTCCATCTGCCTGACTC-S'; Rev: 
S'-GTCAGCGTATGGCTTCTTTG-S'; ALP, Fw: 5'-GTTGGGGGT GCCCACGGT-3'; 
Rev: 5 / -CCTTGGACAGAGCCATGTATG-3 / ; Runx2, Fw: 5'-TCCTGTAGATCCG 
AGCACCA-3'; Rev, S'-CTGCTGCTGTTGTTGCTGTT-S' ; Osteocalcin, Fw: 
5 / -TCTGACAAACCTTCATGTCC-3 / , Rev: S'-AAATAGTGATACCGTAGATGCG-S'; 
BSP, Fw: 5'-GAGCCAGGACTGCCGAAAGGA A-3', Rev: 5'-CCGTTGTCTCC 
TCCGCTGCTGC-3'; and 0-actin, Fw: 5'-TCAGGTTACTGG TTCGGTCTG-3', Rev: 
S'-ACCAGAGGCATACAGGGACAG-S'. The thermal cycling conditions were: an 
initial denaturation at 95°C for 7 min, followed by 40 cycles of 20 s of denaturing at 
95°C, 20 s of annealing at 57°C and 20 s of extension at 72°C. The levels of the 
target gene expression were normalized to that of /5-actin. 

miRNA target site prediction. A search for predicted target mRNAs was 
performed using the data bases TargetScan (http://www.targetscan.org/) and 
PicTar (http://pictar.mdc-berlin.de/). Sequence conservation was examined using 
University of California Santa Cruz genome browser (http://genome.ucsc.edu/). 

Cell growth analysis. Cells were plated in 96-well plates at 10 4 per well and 
were transfected with miRNAs. After transfection, the cells were cultured for 24 h. 
The effect of miR-30e on cell growth and viability was determined by the 
methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay as described previously. 44 

Transfections. The synthetic mimics or inhibitors of miR-30e (Ribobio, 
Guangzhou, China) were transfected into 3T3-L1 or MC3T3-E1 cultures using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) to promote or inhibit miR-30e 
activity, respectively. NCs were used for both reactions. The final concentration of 
mimics and inhibitors was 75 and 100 nM, respectively. At 5 h after transfection, 
the transfection solution was replaced with complete culture medium. The cultures 
were supplemented with OIM when the cells reached 70% confluence to induce 
osteoblast differentiation, or with AIM when the cells reached 100% confluence to 
induce adipocyte differentiation. 

Constructs and luciferase reporter assay. The luciferase-3' UTR 
reporter constructs were generated by introducing the 3'-UTRs of the genes 
carrying the putative miR-30e-binding site into a modified pGL3-control vector 
(Promega, San Luis Obispo, CA, USA). We first amplified the 3'-UTR sequences 
by PCR using specific primers and mouse DNA as a template. The primers 
used were: LRP6, Fw: 5 , -ACATATGTTTTACCTTAACAGGTGTCG-3 / ; Rev: 
5 , -GATATCTTAAATACTGCCAACCAACTGATAC-3 / ; Wnt7b, Fw: 5'-AGAATTCC 
GCCATTATTTTGCACATCC-3'; Rev: 5'-AGATATCCCCAGTGTAGGTCACAATA 
AC-3'; and Runx2, Fw: S'-ACATATGCACAAGTGATTGGTTGAAC-S'; Rev: 
5'- GATATCAGAGGAAGAAGAAGAAGACGAC-3'. The PCR products were first 
cloned into a PCR cloning vector pEasy T1 -simple (Transgen, Beijing, China) and 
then digested using Ndel/EcoRV (for LRP6, Runx2) or EcoRI/EcoRV (for Wnt7b) 
restriction enzymes. The resultant fragments were subcloned, respectively, into a 
modified pGL3-control vector where Nde\, EcoR1 and EcoRV sites were 
introduced into the original Xba\ site. Deletion of the putative miR-30e-binding site 
in the LRP6 3'-UTR was made by using the Quikchange II XL kit (Stratagene, 
La Jolla, CA, USA). All the inserts were verified by DNA sequencing. The 293-AD 
cells were cotransfected with the miR-30e lentiviral expression plasmid (described 
below) or the empty plasmid along with the 3'-UTR construct or its mutant in 
24-well plates. The Renilla luciferase reporter plasmid pRL-SV40 (10 ng) was also 
included in the cotransfection mixture to monitor the transfection efficiency. Then, 
the cells were harvested and lysed for luciferase assay 36 h after transfection 
using a dual-luciferase reporter assay kit (Promega). The relative firefly luciferase 
activity was calculated by normalization to the Renilla luciferase activity. 

In some experiments, 3T3-L1 cells were infected with LRP6 RNAi virus or a NC 
virus, followed by cotransfection with pRL-SV40, along with either Wnt signaling 
luciferase reporter construct Topflash or its NC, Fopflash (Addgene, Cambridge, 
MA, USA) using Lipofectamine 2000. Luciferase assays were performed 36 h after 
transfection. 

Lentiviral, adenoviral construct packaging and infection. The 

miR-30e precursor sequence was PCR-amplified using the mouse DNA as the 
template. The primers were: Fw: S'-CGAATTCAGAAGTGGGCATCCTAATTG-S'; 



Rev: S'-AGGATCCAAACGAAGAGAGACAGTC-S'. The PCR fragment was 
restricted with EcoR\/BamH\ enzymes and then cloned into the lentiviral vector 
pCDH-CMV-MCS-EF1-copGFP (System Biosciences, Mountain View, CA, USA). 

The lentivirus was packaged by cotransfecting 293T cells with the above- 
mentioned lentiviral transfer plasmids, packaging (GAG/Pol and REV) 
plasmids and envelope (VSV-G) plasmid using the lentiviral packaging system 
(Jiman Biotech, Shanghai, China). The medium was changed 1 8 h after transfection 
and supernatant containing the virus was harvested, concentrated and titered 
(multiplicity of infection (MOI)) by analyzing the frequency of GFP-positive cells in a 
known number of 293T cells infected with serially diluted viral supernatant. The virus 
was used at an MOI of 20 to infect 3T3-L1 or mouse marrow stromal cells. The 
efficiency of infection was determined at 48 h by the number of GFP-positive cells 
that exceeded 90%. The cells were then treated with AIM to induce adipocyte 
differentiation or with OIM to induce osteoblast differentiation. The lentivirus 
packaged with the empty pCDH vector served as a control. 

For the knockdown of LRP6 we used adenovirus system for shRNA expression. 
The shRNA sequence designed to target mouse LRP6 mRNA was: 5'-CGCA 
CTACATTAGTTCCAAAT-3'. The coding sequence of the shRNA was cloned into 
plasmid pGensil-1, and then the LRP6 shRNA expression cassette driven by the 
hU6 promoter was excised and ligated into pGStrack-EGFP. The resultant shuttle 
plasmid was recombined with the pGSadeno vector, resulting in the adenoviral 
construct, which was further packaged and amplified in 293-AD cells. After several 
rounds of enrichment, high-titer adenovirus was collected and used at an MOI of 20 
to infect 3T3-L1 cells. 

ALP staining. The cells were cultured for 7 days (MC3T3-E1) or 14 days 
(marrow stromal stem cells) followed by ALP staining as described in previous 
studies. 45 In brief, for ALP staining, cells were fixed in 10% formalin for 10 min and 
stained using 1-Step NBT/BCIP staining kit (Pierce, Thermo Scientific, Rockford, 
IL, USA) for 15 min. The cultures were then rinsed several times with water. 

Oil red O staining. The 3T3-L1 cells transfected with the synthetic miRNA 
mimics or inhibitors were cultured in six-well plates for 3 days in the presence or 
absence of AIM (2/3 concentration for stimulatory studies or full concentration 
for inhibitory studies) as mentioned above followed by treatment of insulin alone 
for one more day. After incubation, the cells were gently washed twice with 
phosphate-buffered saline (PBS), and then fixed in 4% paraformaldehyde for 
10 min. The samples were then washed twice with deionized water, and 60% 
saturated Oil Red O staining was carried out for 5 min. For Oil Red O quantifica- 
tion, 4% IGEPAL CA 630 (Sigma, St. Louis, MO, USA) in isopropanol was added 
to each well. Light absorbance by the extracted dye was measured at 510nm. 

Western blot analysis. Cells were lysed on ice for 30 min in a buffer 
containing 50 mM Tris-HCL pH 7.4, 150 mM NaCI, 1% Nonidet P-40 and 0.1% 
SDS supplemented with protease inhibitors (10 yug/ml leupeptin, 10^g/ml 
pepstatin A and 10^g/ml asprotinin) and phosphatase inhibitors (1 mM NaF 
and 1 mM Na 3 V0 4 ). Proteins were fractionated by SDS-PAGE and transferred to 
nitrocellulose membranes. The membranes were blocked with 5% skim milk for 1 h 
and incubated with rabbit monoclonal anti-C/EBPa, anti-LRP6, anti-/?-catenin 
(Abeam, Cambridge, MA, USA), mouse monoclonal anti-Runx2 (MBL, Woburn, 
MA, USA), rabbit polyclonal anti-osterix (Abeam), anti-ALP (Abgent, San Diego, 
CA, USA), anti-PPARy, anti-aP2 or anti-/?-actin antibodies (Proteintech, Wuhan, 
China). This was then followed by incubation with the corresponding horseradish 
peroxide-labeled IgG (1 : 5000) for 1 h. Finally, chemiluminescence reagent 
(Advansta, Menlo Park, CA, USA) was used to visualize the results, and /?-actin 
was used as an internal control. 

Statistical analysis. Data are expressed as mean ± S.D. Statistical analysis 
was performed using the independent f-test. A P-value of < 0.05 was considered 
to be statistically significant. 
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